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WHPSHUDWXUH JDVFRROHG UHDFWRU +7*5 >@ 7KHVH DGYDQFHG WKLQZDOOHG VWUXFWXUHV DUH XVHG WR LPSURYH WKH









'XULQJ WKH W\SLFDO KLJK WHPSHUDWXUH EUD]LQJ SURFHVV D ORZ PHOWLQJ ILOOHU DOOR\ FRQWDLQLQJ PHOWLQJ SRLQW






KROGLQJVWDJHDWDFRQVWDQWEUD]LQJ WHPSHUDWXUH7KLVPRGHRIVROLGLILFDWLRQ LVJHQHUDOO\ UHIHUUHG WRDV LVRWKHUPDO
VROLGLILFDWLRQ WRPDNHDGLVWLQFWLRQ IURP WKHXVXDOFDVHRI VROLGLILFDWLRQGXULQJFRROLQJVWDJH >@0DMRUDWWHQWLRQ
QHHGWREHSDLGWRWKHLVRWKHUPDOVROLGLILFDWLRQVWDJHEHFDXVHFRPSOHWHLVRWKHUPDOVROLGLILFDWLRQFDQUHDOL]HWKHIXOO
GLIIXVLRQRI03'HOHPHQW LQWR WKHEDVHPHWDODQG ILQDOO\ IRUP WKH IXOO VROLGVROXWLRQ MRLQW2WKHUZLVH WKHEULWWOH






7KH LQLWLDO IRUPDWLRQ RI EULWWOH SKDVH VWDELOL]DWLRQPDUNV WKHPD[LPXPEUD]LQJ FOHDUDQFH 0%& DW EUD]HG MRLQW
ZKHUH WKH GLIIXVLRQ FRPSRQHQWV KDYH EHHQ MXVW FRPSOHWHO\ GLIIXVHG 7KXV WKH FRUUHVSRQGLQJ EUD]LQJ WLPH FDQ
UHSUHVHQWWKHLVRWKHUPDOVROLGLILFDWLRQWLPHIRUWKDW0%&
7KHPRVWLGHDOPDWHULDORIFRPSDFWKHDWH[FKDQJHUVXVHGLQ+7*5LV66/EHFDXVHRILWVJRRGIHDWXUHVVXFK




FRPSRQHQW ZHUH DOVR QRW DFTXLUHG ZKLFK ZRXOG EH EHQHILFLDO WR XQGHUVWDQG WKH GLIIXVLRQ PHFKDQLVP RI03'





ZHGJHVKDSHG VSHFLPHQ ZDV GHVLJQHG DQG PDQXIDFWXUHG 1LQH 66/%1L66/ MRLQWV ZHUH EUD]HG DQG
H[SHULPHQWHG DW   DQG  q& ZLWK GLIIHUHQW KROGLQJ WLPH UDQJHG IURP  WR  PLQ UHVSHFWLYHO\
&RXSOHGZLWK WZR FODVVLFDOPRGHOV WKHPD[LPXPEUD]LQJ FOHDUDQFHV XQGHU GLIIHUHQW SURFHVV SDUDPHWHUV DQG WKH
NLQHWLFSDUDPHWHUVLQFOXGLQJGLIIXVLRQFRHIILFLHQWDQGGLIIXVLRQDFWLYLW\HQHUJ\ZHUHGHWHUPLQHG7KHQWKHHIIHFWV
RIWKHEUD]LQJWHPSHUDWXUHDQGKROGLQJWLPHRQWKH0%&YDOXHZHUHDOVRLQYHVWLJDWHG
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([SHULPHQWDOGHWDLOV




EH UHDVRQDEO\ FRQILUPHG WKDW WKHPHOWLQJ WHPSHUDWXUH UDQJH IRU%1L ILOOHU DOOR\ LV FRQVLVWHQWZLWK WKH QRPLQDO
YDOXH
7DEOH&KHPLFDOFRPSRVLWLRQVRI66/EDVHPHWDODQG%1LILOOHUDOOR\










ZHGJHVKDSHG JURRYH 7KH VL]H RI WKH ORZHU SRUWLRQ ZDV GHVLJQHG WRPDWFK WKH XSSHU SRUWLRQ 7KH VL]H RI WKH
ZHGJHVKDSHGJURRYHYDULHV IURP WRȝPDSSUR[LPDWHO\ )LJE7KH DQJOHEHWZHHQ WKHXSSHU DQG ORZHU
SRUWLRQV LV  ,GHDOO\ WKH DQJOH VKRXOG EH VPDOOHU EXW LW LV OLPLWHG E\ WKH PDFKLQLQJ DFFXUDF\ DFWXDOO\ ,Q
DGGLWLRQLWVKRXOGEHDOVRQRWHGWKDWIRUWKHQHZZHGJHVKDSHGVSHFLPHQWKHOHDNDJHRIWKHPROWHQILOOHUDOOR\LQ
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FXUUHQWVWXG\ZDVVHOHFWHGDVVKRZQLQ7DEOH7KHYDFXXPEUD]LQJKHDWLQJF\FOH)LJLQFOXGHGWKHIROORZLQJ
SDUWVSXPSLQJWKHIXUQDFHWR3DVWHSKHDWLQJDWWHPSHUDWXUHIURPWRq&ZLWKLQPLQVWHS





   
   




DQG H[DPLQHG XVLQJ WKH RSWLFDO PHWDOORJUDSK\ DQG VFDQQLQJ HOHFWURQPLFURVFRSH 6(0 HTXLSSHGZLWK HOHFWURQ
GLVSHUVLYH VSHFWURPHWU\ ('6 +DUGQHVV YDOXHV DW WKH EUD]LQJ VHDP ZHUH DOVR PHDVXUHG E\ XVLQJ D +;'
70&/&'KDUGQHVVWHVWHUZLWKDORDGRIJI
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3.1. The acquisition approach of diffusion coefficient 
7KHGLIIXVLRQFRHIILFLHQWLVDEDVLFNLQHWLFSDUDPHWHURIWKHDWRPLFGLIIXVLRQDWMRLQWLQWHUIDFH&RPSDUHGZLWKWKH
MRLQW IRUPDWLRQ PHFKDQLVP RI 7UDQVLHQW OLTXLG SKDVH ERQGLQJ 7/3 H[SHULPHQWDO UHVHDUFKHV RI EUD]HG MRLQW
PLFURVWUXFWXUHZLWKQDUURZJDSLGHQWLFDOO\WHQGWRIRFXVRQWKH03'HOHPHQWVGLIIXVLRQEHKDYLRXURIWKHILOOHUDOOR\
+HQFHDQDO\WLFDO7/3PRGHOVKDYHEHHQSURSRVHGWRGHVFULEHWKHNLQHWLFVSURFHVVRIWKHEUD]LQJLQFXUUHQWVWXG\
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=KRX >@ H[DPLQHG WKH GHULYDWLRQ SURFHGXUHV RI WKH VWDWLRQDU\ VROLGOLTXLG LQWHUIDFH PRGHO DQG PLJUDWLQJ
VROLGOLTXLG LQWHUIDFH PRGHO WR VWXG\ WKH GLIIHUHQFH EHWZHHQ WKHP ,W PD\ EH SRVWXODWHG WKDW WKH VWDWLRQDU\
VROLGOLTXLGLQWHUIDFHPRGHOJRWOHVVDFFXUDWHPLJUDWLQJVROLGOLTXLGLQWHUIDFHPRGHOSURYLGHVDEHWWHUDSSUR[LPDWLRQ




LV WKH PDMRU GLIIXVLRQ FRPSRQHQW LQ FXUUHQW VWXG\ ZDV GHWHUPLQHG E\ XVLQJ WKH PLJUDWLQJ VROLGOLTXLG LQWHUIDFH
PRGHO
7KHPLJUDWLRQRI WKHVROLGOLTXLG LQWHUIDFH LVFRQWUROOHGE\ WKHGLIIXVLRQRI WKHERURQFRPSRQHQW LQWR WKHVROLG












$JHQHUDO HUURU IXQFWLRQ VROXWLRQIRU WKH)LFN
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   
ZKHUHtISLVWKHWLPHRILVRWKHUPDOVROLGLILFDWLRQVWDJHZKLFKFRUUHVSRQGVWRWKHKROGLQJWLPHRIWKHH[SHULPHQW2h 
LV WKH ILQDOPD[LPXPZLGWKRI WKHPROWHQ]RQH DOVR WHUPHGDVPD[LPXPEUD]LQJFOHDUDQFH 0%&YDOXHRI WKH
EUD]HGMRLQWV
3.2. The acquisition approach of diffusion activation energy 
$QRWKHU EDVLF NLQHWLF SDUDPHWHU IRU WKH DWRPLF GLIIXVLRQ DW MRLQW LQWHUIDFH LV GLIIXVLRQ DFWLYLW\ HQHUJ\ )RU DQ
DWRPLFGLIIXVLRQPHFKDQLVPZKDWHYHULWLVJDSPHFKDQLVPH[FKDQJHPHFKDQLVPRUVSDFHPHFKDQLVPLWUHTXLUHV
H[WHUQDO HQHUJ\ WR RYHUFRPH WKH HQHUJ\ EDUULHU ZKLFK FDQ EH FDOOHG GLIIXVLRQ DFWLYDWLRQ HQHUJ\ 7KH GLIIXVLRQ
DFWLYDWLRQHQHUJ\ZLOOEHLQIOXHQFHGE\WKHFRQFHQWUDWLRQRIGLIIXVLRQFRPSRQHQWDQGWKHFRKHVLRQIRUFHEHWZHHQWKH
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5HVXOWVDQGGLVFXVVLRQV




%UD]HG]RQH &KHPLFDOFRPSRVLWLRQVZW 0LFURKDUGQHVV+9 SKDVH




















ULFKDQGFKURPLXPULFKERULGHV 8VLQJ WKHKDUGQHVV WHVWHU WKHPLFURKDUGQHVV LVGHWHUPLQHGE\PHDQYDOXHVRI
PHDVXUHPHQWV WDNHQDW WKHMRLQWRQHDFK]RQH7KHUHVXOWV LQGLFDWH WKDW WKHKDUGQHVVRI WKHEULWWOHSKDVHV&UULFK
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GLIIXVLRQ FRPSRQHQW GXULQJ LVRWKHUPDO VROLGLILFDWLRQ VWDJH 6LJQLILFDQW DXJPHQW RI WKH 0%& YDOXHV KDV EHHQ
REVHUYHGZLWKLQFUHDVHLQEUD]LQJWHPSHUDWXUHDQGKROGLQJWLPH,WLVDOVRIRXQGWKDWWKHPLQLPXP0%&YDOXHLV
ȝPZKLFKZDV DFTXLUHG DW  q&ZLWKLQ PLQ 6LPLODUO\ WKHPD[LPXP0%& YDOXH LV  ȝPZKLFKZDV
DFTXLUHGDWq&ZLWKLQPLQ
+RZHYHULQWKLVVHFWLRQWKDWLVQRWWRVD\WKHKLJKHUWKHEUD]LQJSDUDPHWHUVWKHEHWWHUWKHEUD]HGMRLQW)RUKLJK
WHPSHUDWXUH EUD]LQJ WKH IXVLQJ GLVVROXWLRQ RI VROLG EDVH PHWDO LQ WKH PROWHQ OLTXLG EUD]LQJ ILOOHU DOOR\ GXULQJ
EUD]LQJSURFHVVLVLQHYLWDEOH>@$FFRUGLQJWR$UDILQHWDO>@LWZDVREVHUYHGWKDWWKHGLVVROXWLRQWKLFNQHVVHVRI
WKHEDVHPHWDOLQFUHDVHGVLJQLILFDQWO\ZLWKLQFUHDVLQJERQGLQJWHPSHUDWXUHV+HQFHLIWKHGLVVROXWLRQSURFHVVZDV
QRWZHOO FRQWUROOHG E\RSWLPL]LQJ WKH EUD]LQJSURFHVV SDUDPHWHUV RYHUGLVVROXWLRQRI EDVHPHWDOZRXOG UHVXOW LQ
FRUURVLRQKROHV LQ WKH WKLQZDOOHGSUHFLVLRQVHDOVWUXFWXUHV7KHPRVWDSSURSULDWHEUD]LQJSDUDPHWHUV IRUGLIIHUHQW
WKLQZDOOHGVWUXFWXUHVVKRXOGEHIXUWKHULQYHVWLJDWHGDFFRUGLQJWRLWVLQGXVWULDODSSOLFDWLRQ
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6LZKLFK LV ODUJHU WKDQ DFWXDO FRQFHQWUDWLRQ LQ WKH MRLQW RYHU WKHEUD]LQJ WHPSHUDWXUH UDQJH+RZHYHU WKH ERURQ
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7RREWDLQWKHGLIIXVLRQFRHIILFLHQWVRIERURQLQWKHEDVHDOOR\DWWKHWKUHHEUD]LQJWHPSHUDWXUHVERWK(TXDWLRQV









PLQ PLQ PLQ PHDQ
    
    




WHPSHUDWXUH DQG GHFUHDVHV ZLWK WKH LQFUHDVH RI KROGLQJ WLPH DW D VSHFLILF WHPSHUDWXUH ,GHDOO\ WKH GLIIXVLRQ
FRHIILFLHQW RI VROXWH DWRPV DW D VSHFLILHG ERQGLQJ WHPSHUDWXUH LV FRQVWDQW +RZHYHU DFWXDOO\ IRU WKH GLIIXVLRQ
FRQWUROOHGLVRWKHUPDOVROLGLILFDWLRQVWDJHRIWKHEUD]HGMRLQWERURQFRQFHQWUDWLRQJUDGLHQWZKLFKLVWKHPDLQGULYLQJ
IRUFHRIGLIIXVLRQ UHGXFHVJUDGXDOO\ZLWK WKH FRQWLQXRXVGLIIXVLRQRIERURQ WRZDUGV WKHEDVHPHWDO7KXV)LJ
LQGLFDWHVWKHDFWXDOGLIIXVLRQEHKDYLRXURIWKHERURQGXULQJLVRWKHUPDOVROLGLILFDWLRQSURFHVV





























































4.4. Calculation of diffusion activity energy for boron 
7KHREWDLQHGGLIIXVLRQFRHIILFLHQWV IURP7DEOHZHUH WKHQXVHG LQ WKHHPSLULFDO(TXDWLRQ WRFDOFXODWH WKH
GLIIXVLRQDFWLYLW\HQHUJ\RIERURQLQ66/7KHORJDULWKPLFYDOXHVRIWKHGLIIXVLRQFRHIILFLHQWVlnDDJDLQVWWKH
FRUUHVSRQGLQJ LQYHUVH WHPSHUDWXUH T DUH SORWWHG DV VKRZQ LQ )LJ  7KH VORSH DQG LQWHUFHSW RI WKH OLQH DUH
GHWHUPLQHGE\ILWWLQJWKHGDWDSRLQWV
,Q WKLV VWXG\ WKH DSSDUHQW DFWLYDWLRQ HQHUJ\ Q IRU ERURQ DQG LWV GLIIXVLRQ FRQVWDQW D0 LQ 66/ GXULQJ
LVRWKHUPDOVROLGLILFDWLRQVWDJHZHUHFRPSXWHGWREHN-PRODQGPV0HDQZKLOHDVVKRZQLQ7DEOH
WKURXJK VXPPDUL]LQJ WKH LQYHVWLJDWLRQ RI RWKHU UHVHDUFKHUV RQ GLIIXVLRQ DFWLYDWLRQ HQHUJ\ RI ERURQ LQ GLIIHUHQW
PDWHULDOV >   @ LW LV REVHUYHG WKDW WKH GLIIXVLRQ DFWLYDWLRQ HQHUJLHV RI ERURQ LQ FRQYHQWLRQDO VWDLQOHVV
D E






















































































>@ =/ $Q :/ /XDQ )= ;XDQ HW DO +LJK WHPSHUDWXUH SHUIRUPDQFH RI /66 MRLQW SURGXFHG E\ GLIIXVLRQ ERQGLQJ>&@.H\
(QJLQHHULQJ0DWHULDOV
>@ + &KHQ -0 *RQJ 67 7X 1XPHULFDO PRGHOLQJ DQG H[SHULPHQWDO LQYHVWLJDWLRQ RI GLIIXVLRQ EUD]LQJ 66%1L66 MRLQW>-@
6FLHQFHDQG7HFKQRORJ\RI:HOGLQJ	-RLQLQJ















>@ <=KRX$QDO\WLFDOPRGHOLQJ RI LVRWKHUPDO VROLGLILFDWLRQ GXULQJ WUDQVLHQW OLTXLG SKDVH 7/3 ERQGLQJ>-@ -RXUQDO RIPDWHULDOV VFLHQFH
OHWWHUV
>@ /- .DUVVHPHLMHU $ 3HGHUVHQ + -yQVVRQ HW DO /RQJWLPHVFDOH VLPXODWLRQV RI GLIIXVLRQ LQ PROHFXODU VROLGV>-@ 3K\VLFDO &KHPLVWU\
&KHPLFDO3K\VLFV
>@ <:X;/X67RQJ$UUKHQLXV UHODWLRQVKLSDQG WZRVWHSVFKHPH LQ$)K\SHUG\QDPLFVVLPXODWLRQRIGLIIXVLRQRI0J=Q LQWHUIDFH
7106&>-@7KH&KLQHVH-RXUQDORI1RQIHUURXV0HWDOV
>@ ;3 =KDQJ <: 6KL $ GLVVROXWLRQ PRGHO RI EDVH PHWDO LQ OLTXLG EUD]LQJ ILOOHU PHWDO GXULQJ KLJK WHPSHUDWXUH EUD]LQJ>-@ 6FULSWD
PDWHULDOLD




508   Z.P. Liu et al. /  Procedia Engineering  130 ( 2015 )  497 – 508 
>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